Introduction {#s0005}
============

Recent evidence suggests that the metabolic dysfunctions at the origin of Type 2 Diabetes (T2D) are associated with changes in the immune system, which include altered plasma levels of specific pro-inflammatory proteins and cytokines, a phenomenon known as "systemic low grade inflammation" ([@bb0070], [@bb0140], [@bb0170], [@bb0310]). For this reason T2D has been classified as an inflammatory disease ([@bb0065], [@bb0285]).

This inflammatory process originates in the adipose tissue as a consequence of chronic positive energy balance (excess calorie intake and/or low physical activity), which leads to adipocyte hypertrophy and macrophage infiltration ([@bb0160]). This scenario favours the release of "unhealthy" adipokines -- the cytokines secreted by the adipose tissue -- including, among others tumour necrosis factor alpha (TNF-α) and interleukin 6 (IL-6), which regulate the release of the acute phase reactant C-reactive protein (CRP) from the liver ([@bb0350], [@bb0375]). The activation of the described inflammatory pathway appears to be linked to the onset of insulin resistance ([@bb0370]) in the peripheral tissues, namely the skeletal muscle and adipose tissue, which is an early factor of the pathogenesis of T2D ([@bb0045]). Thus, reducing the mass of the adipose tissue seems to be the way to counteract this inflammatory status. Lifestyle modifications, such as diet and physical activity, are the elective modality to reach this goal ([@bb0010], [@bb0020], [@bb0025]).

The recent findings that allow the skeletal muscle to be considered as an endocrine organ ([@bb0265]) have questioned the role played by IL-6 within the previously described inflammatory cascade ([@bb0075]). This stimulated new research concerning the widely recognized association between T2D, obesity and low physical activity. In fact, IL-6 has been identified as the first "myokine", i.e. as the first cytokine secreted by skeletal muscle contraction ([@bb0330]), which induces a cascade of anti-inflammatory cytokines (Interleukin-10: IL-10 and Interleukin-1 receptor antagonist IL-1ra) ([@bb0270], [@bb0205]). Thus, IL-6 seems to have a ubiquitous role ([@bb0080]) and the relationship between its inflammatory adipokine and anti-inflammatory myokine nature has not yet been completely elucidated. This apparent paradox is possibly explained by the transient secretion of myokines, and notably IL-6, during skeletal muscle activity, which might represent one of the mechanisms blocking the inflammatory signalling pathways generated by chronically elevated levels of pro-inflammatory adipokines ([@bb0110], [@bb0185], [@bb0325]). The inactive skeletal muscle becomes an additional source of pro-inflammatory cytokines (IL-6 and TNF-α) with respect to the adipose tissue, which contributes to enhancing the systemic inflammatory status ([@bb0110]). Considering that during contraction a skeletal muscle secretes cytokines with anti-inflammatory properties (e.g. IL-10 and IL1-ra), physical activity can potentially act through two different categories of mechanisms to control the inflammatory status: the first one entails the direct control of the source of inflammation (mainly reducing the adipose tissue mass), whereas the second one occurs during each physical activity bout through the indirect stimulation of the secretion of anti-inflammatory cytokines ([@bb0095]) from the skeletal muscle.

Walking is a suitable physical activity modality to prevent many risk factors for T2D ([@bb0225], [@bb0300]). In addition, an intervention aimed at increasing or maintaining the level of walking activity is normally easy to implement and is applicable to different populations, including obese and elderly individuals and, more broadly, people with low fitness levels, who, conversely, could encounter difficulties in performing more vigorous activities ([@bb0215]). Whereas the effect of other types of physical activity on markers of low-grade systemic inflammation has been extensively reviewed ([@bb0115], [@bb0130], [@bb0250], [@bb0270]), we are not aware of previous studies to date that have systematically reviewed the effect that walking can have on inflammation.

Thus, the aim of this review is to systematize the existing knowledge about the relationship between walking activity at any intensity and key markers of chronic low-grade inflammation, focusing on the implications for T2D. More specifically, the review aims to answer the following questions: 1) could walking be an appropriate physical activity for the reduction of low-grade systemic inflammation? 2) Can the potential beneficial effects of walking on the reduction of chronic low-grade inflammation originate from sources other than adipose tissue mass reduction? 3) If this is the case, can the potential beneficial effects be mediated by contracting skeletal muscles?

Methods {#s0010}
=======

Eligibility criteria {#s0015}
--------------------

This review targeted English-language studies dealing with:-Adult subjects (≥ 18 years) belonging to the following categories: a) healthy, b) having impaired glucose tolerance or metabolic syndrome and c) diagnosed with T2D;-Walking activity and inflammatory markers, as observed in randomized clinical trials, experimental, or cross-sectional studies. In particular, CRP, IL-6, and TNF-α were investigated as primary markers of low-grade inflammation, having extensively been reported to be the primary proteins and cytokines involved in the inflammatory process ([@bb0280], [@bb0315]).

Exclusion criteria {#s0020}
------------------

Studies regarding animals, including diet as lifestyle modification, or combining walking with other types of physical activity have been excluded from the analysis.

Search strategy {#s0025}
---------------

Articles published up to December 2014 were identified by searching on PubMed, Scopus and ISI Web of Science and by cross-reference check. The keywords used in the search are outlined in Supplementary Table 1.

Screening {#s0030}
---------

The screening process of articles by title, abstract and full article was performed based on the eligibility criteria. [Fig. 1](#f0005){ref-type="fig"} displays the screening process of the articles.

Data extraction {#s0035}
---------------

Extracted information included year of publication, study design, objective, participant characteristics (sex, age, body mass index (BMI), and health status), sample size, outcome measurements, and assessment methodology.

Results {#s0040}
=======

As a result of the above search, thirty-two articles were identified. Five of them investigated the acute response ([@bb0040], [@bb0200], [@bb0220], [@bb0235], [@bb0245]) to a walking bout and the remaining twenty-seven focused on the chronic effects of walking activity. As detailed in [Table 1](#t0005){ref-type="table"}, twenty-one out of the twenty-seven studies regarding chronic effects were interventional (eleven randomized controlled trials and ten non-randomized trials) and six observational (five including a cross-sectional comparisons of subjects classified by activity levels and one being a cohort study).

Acute response to walking bouts {#s0045}
-------------------------------

One of the five studies dealing with the acute effects of walking ([@bb0200]) involved twelve sedentary male volunteers (age 54 ± 4 years; BMI 28.0 ± 3.0 kg/m^2^) who underwent a single walking bout of moderate intensity (30 min at 50% of maximal oxygen uptake ($\overset{˙}{V}O_{2}max$), estimated intensity of 5.2 ± 0.7 METs (METs, multiple of energy consumption at rest)). IL-6, IL-10, and CRP concentrations did not change at 0, 2, 24, 48, 72, and 168 h following the trial. Similarly, no significant differences were found in plasma CRP when twelve sedentary healthy post-menopausal women (age 58 ± 6 years; BMI 25.6 ± 3.4 kg/m^2^) completed two 30-minute treadmill brisk walking exercises (50% and 70% of their maximal heart rate (HR~max~), corresponding to 35% and 60% estimated $\overset{˙}{V}O_{2}max$, respectively), ([@bb0040]), or in fifteen obese male subjects (age 50 ± 6 years; BMI 30.9 ± 4.9 kg/m^2^) after a 45-minute walking at 60% $\overset{˙}{V}O_{2}max$ ([@bb0220]).

A slight but significant increase in serum IL-6 concentration, not associated with changes in IL-1ra concentration, was observed 1 h after a 30-minute intervention consisting of treadmill walking at 60--65% $\overset{˙}{V}O_{2}max$ in fifteen women (age 37 ± 3 years; non-obese) who were accustomed to regular walking ([@bb0245]). In a later trial ([@bb0235]), IL-6 and TNF-α concentrations remained unchanged one day after a session of exercise (1 h of treadmill brisk walking at 70% of HR~max~) performed by twenty-four healthy subjects, twelve (male/female: 5/7; age 27 ± 2 years; BMI 30.9 ± 1.0 kg/m^2^) of which were "regular-exercisers" and twelve (male/female: 5/7; age 28 ± 2 years; BMI 30.1 ± 0.5 kg/m^2^) "non-exercisers".

It has to be highlighted that the study by [@bb0235] has been included among those on the acute effects for the purpose of this review despite the fact that IL-6 was measured one day after the walking bout. From the other studies, however, it might be deduced that walking bouts do not seem to activate the IL-6 based anti-inflammatory pathway during or directly after a walking bout. Indeed, a non-significant reduction of IL-6 concentration with respect to the pre-exercise level has been reported by [@bb0220].

[@bb0245] reported an increase in IL-6, but no increment in plasma concentration of the anti-inflammatory marker IL-1ra. As expected, no investigation of TNF-α was found among the reviewed studies. TNF-α, in fact, is mainly secreted by the adipose tissue and does not seem related to the cytokine cascade triggered by skeletal muscle contraction. None of the reviewed studies reported acute variation in the level of CRP in association to a walking intervention.

Chronic effects of walking activity {#s0050}
-----------------------------------

The methods generally adopted for the assessment of physical activity performed in free-living conditions, that is, non-supervised by an expert, can be summarized as self-reported (e.g. questionnaires and diaries) or objective measures based on wearable sensors (e.g. accelerometers, pedometers, heart rate monitors).

Out of the twenty-seven reviewed studies regarding the chronic effect of walking, eighteen dealt with free-living conditions (see [Table 1](#t0005){ref-type="table"}). Four of those used self-reporting assessment tools ([@bb0015], [@bb0105], [@bb0240], [@bb0360]), and eight used objective measures (five used pedometers ([@bb0055], [@bb0060], [@bb0100], [@bb0180], [@bb0295]), two used accelerometers ([@bb0165], [@bb0255]) and one used heart rate monitors ([@bb0175])). The remaining six studies used a combination of self-reporting and objective assessment ([@bb0085], [@bb0145], [@bb0150], [@bb0210], [@bb0320], [@bb0365]). The use of objective measurement methods is preferred over the use of self-reporting methods because, as widely recognized, the latter are affected by reporting biases ([@bb0290]), which may undermine the accurate classification and quantification of physical activity.

### Interventional studies {#s0055}

Reviewed studies using walking as physical activity intervention modality have produced conflicting results. Only eight out of twenty-one reported a significant reduction of chronic low-grade inflammation marker concentration ([@bb0050], [@bb0055], [@bb0090], [@bb0125], [@bb0145], [@bb0320], [@bb0335], [@bb0355]).

In ten sedentary overweight men (age 57 ± 2 years; BMI 27.9 ± 3.6 kg/m^2^), one week of 30-minute daily walking at 60% $\overset{˙}{V}O_{2}max$ did not elicit any significant change in TNF-α, IL-6 or CRP with respect to the baseline values ([@bb0190]). In addition, no significant differences were found in TNF-α, IL-6 or CRP plasma concentrations in eleven subjects (age 57--70 years, BMI 26.2 ± 1.0 kg/m^2^) tested before and after a two-month brisk walking intervention (6 days/week, 50 min/day at 70% HR~max~ equivalent to 60% $\overset{˙}{V}O_{2}max$) ([@bb0085]) or in twenty-five subjects (twelve obese controls vs. thirteen obese with T2D, age 53 ± 7 years) that exercised for sixteen weeks (30 min/day, three times per week either at low, 30--40% $\overset{˙}{V}O_{2}max$, or moderate, 55--65% $\overset{˙}{V}O_{2}max$, intensity) ([@bb0175]). A significant change in body composition (BMI and total body fat) was highlighted only by [@bb0085]. No difference in CRP concentration was observed in eleven obese subjects (age 49 ± 9 years; BMI 32.4 ± 7.1 kg/m^2^) performing a twelve-week intervention consisting of 30 min/day of brisk walking, 5 days/week at 65% HR~max~ (\~ 50--60% $\overset{˙}{V}O_{2}max$) ([@bb0210]), despite the same intervention being sufficient to lower BMI and total body fat, without changes in dietary intake.

One week of reduced physical activity (steps/day \< 4000) induced no changes in IL-6, CRP and TNF-α in nine healthy active lean (age 52 ± 1 years; BMI 23.8 ± 0.7 kg/m^2^; waist circumference \< 84 cm) and nine healthy active central overweight men (age 49 ± 1 years; BMI 29.3 ± 1.2 kg/m^2^; waist circumference \> 94 cm) ([@bb0060]). A reduction of walking from 10,000 steps/day to 1500 steps/day for fourteen days did not lead to differences in TNF-α and IL-6 in ten healthy males (age 24 ± 2 years; BMI 22.1 ± 0.7 kg/m^2^), despite an attenuation in insulin sensitivity ([@bb0180]). Surprisingly, the subjects showed a reduction in total body mass.

Consistent results have been reported for a walking intervention involving twenty-four healthy subjects (age 48 ± 9 years; BMI 27.6 ± 4.9 kg/m^2^) which aimed to gradually increase the average number of daily steps walked by the participants ([@bb0100]). The subjects were observed for one week, to set a baseline value. They were then asked to achieve the goal of walking more than 3000 steps above that baseline value, for at least five days within the next six weeks, and then to maintain this increase for other six weeks. The results showed that this twelve-week walking programme did not modify TNF-α, IL-6 and CRP levels in addition to BMI and body fat percentage when compared to the control group of twenty-four healthy subject (age 51 ± 8 years; BMI 29.5 ± 5.9 kg/m^2^). A similar study including twelve subjects (age 55 ± 4; BMI 27.9 ± 3.9 kg/m^2^) did not show any modification in TNF-α concentration from the baseline after a six-week intervention, which led to an increase in steps/day from 6000 to 11,000 ([@bb0295]). In this study, no modification of body mass or waist circumference was detected.

A further walking intervention protocol prescribed 60 min of walking at 60% $\overset{˙}{V}O_{2}max$, five times per week for twelve weeks, to twenty-four middle aged subjects ([@bb0050]) who also followed a dietary programme designed to maintain body mass. The intervention led to a reduction of IL-6 levels, visceral and total adiposity. This reduction was significant even when the subjects were divided into three sub-groups: lean, obese and obese with T2D (age 48 ± 3 years, 47 ± 3 years and 51 ± 3 years, respectively). The intervention, however, did not lead to significantly altered CRP levels. A consistent reduction of IL-6 was also detected when seventeen healthy adults (age 46 ± 11 years, BMI 26.8 ± 5.1 kg/m^2^) performed an eight-week low-intensity exercise intervention consisting of walking 10,000 steps/day ([@bb0355]). The IL-6 concentration decreased to approximately two-thirds of its basal level within four weeks of beginning the exercise. At the same time, the IL-10 significantly increased and no change in BMI was observed.

A significant decrease in BMI and fat percentage, associated with a decrease in TNF-α and CRP and no changes in IL-6, were detected in a randomized trial including twenty elderly women. The subjects were assigned to either a control group (age 68 ± 4 years; BMI 31.3 ± 4.4 kg/m^2^) or an intervention group (age 69 ± 3 years; BMI 28.0 ± 3.7 kg/m^2^) who underwent a twelve-week walking programme (three walking sessions per week, the duration and intensity of which increased from 20 min at 50--55% HR reserve, \~ 50--55% $\overset{˙}{V}O_{2}max$, to 45--60 min at 60--70% HR reserve, \~ 60--70% $\overset{˙}{V}O_{2}max$, in the last week) ([@bb0335]).

A further randomized trial ([@bb0125]), compared two groups of sedentary and lightly active healthy subjects to a twelve-week intervention group (control: age 40--66 years, BMI between 26.0 and 48.0 kg/m^2^; intervention: age 44--62 years, BMI between 25.0 and 45.6 kg/m^2^). The intervention consisted of 30-minute treadmill walking at 60% of HR reserve (\~ 60% $\overset{˙}{V}O_{2}max$) for 5 days a week. The TNF-α levels were decreased by 20% at week 12 compared to the baseline in the intervention group. These changes in TNF-α significantly correlated with a change in body fat and body fat percentage. No significant changes were observed for the IL-6 within or between groups.

The finding of a 24-week walking intervention study (1 h/day, 5 days/week) involving 176 patients with metabolic syndrome (mean age 59 ± 8 years; BMI 31.6 ± 4.8 kg/m^2^) ([@bb0055]), for whom the mean number of steps walked per day was less than 10,000 was a decrease in BMI associated with a decrease in CRP concentration. In contrast, another sixteen-week walking programme (three session of 45 min/week at \~ 60% $\overset{˙}{V}O_{2}max$) did not modify IL-6 and CRP levels but increased plasma levels of TNF-α in sixteen late pre-menopausal (age 49 ± 3 years; BMI 31.9 ± 3.0 kg/m^2^) and fourteen early post-menopausal (age 53 ± 2 years; BMI 30.8 ± 1.9 kg/m^2^) overweight or obese women ([@bb0305]). In both groups, the intervention led to statistically significant differences in BMI, waist circumference and fat mass, after adjustment for age. Intriguingly, a thirteen-week intervention (four walking sessions of 40--50 min at moderate intensity) in thirty-two post-menopausal women (mean age 56 ± 4 years; BMI 26.9 ± 4.3 kg/m^2^), showed the same results in terms of CRP, a significant reduction of TNF-α but a non-significant variation of BMI and fat mass ([@bb0145]).

A sixteen-week intervention duration was used in a further study ([@bb0195]) where fifty-one inactive overweight and obese individuals with no history of diabetes were randomized in three groups. Out of these, seventeen (age 47 ± 9 years; BMI 33.9 ± 4.9 kg/m^2^) underwent a moderate walking intervention (3.5 METS of intensity per session), which improved their body composition, with decreased body weight, total body fat, and BMI. However, no change in CRP levels was found following this intervention. Conversely, another programme (fourteen weeks of sixty minutes walking at 60% $\overset{˙}{V}O_{2}max$ three or four times per week) involving eleven overweight and obese post-menopausal women with T2D (age 56 ± 2 years; BMI 35.9 ± 1.9 kg/m^2^) led to a significant decrease in CRP levels ([@bb0090]). IL-6 plasma concentration tended to decrease, but no significant differences from the baseline were reported. Furthermore, no significant differences were observed in TNF-α, BMI or total body fat either. In a randomized trial ([@bb0320]) nineteen sedentary adults (age 40 ± 2 years; BMI 31.4 ± 1.1 kg/m^2^) were assigned to sixteen weeks of walking intervention. An increase of 1404 steps/day caused no effect on CRP levels, whereas TNF-α declined significantly. When adjusting for age and baseline differences, waist circumference decreased in the intervention group as well.

A group of sixteen sedentary, overweight, non-smoking, older patients with T2D (age 66 ± 6 years; BMI 29.0 ± 3.0 kg/m^2^) participated in a six-month, twice a week, supervised 60-minute aerobic training intervention (50% and 70% of HR reserve \~ 50--70% $\overset{˙}{V}O_{2}max$) ([@bb0380]). TNF-α, CRP, body weight and waist circumference did not change after the intervention. Twenty subjects (age 63 ± 7 years; BMI 30.0 ± 1.0 kg/m^2^) with either T2D or metabolic syndrome performed a low intensity walking activity for twelve months, which caused a non-significant decrease of 12% in CRP levels ([@bb0015]). No differences from the baseline values were found in IL-6, TNF-α and BMI. Another study ([@bb0365]) involving two groups of twenty-four overweight subjects with impaired glucose tolerance failed to show reductions on markers of chronic low grade inflammation after twelve months of intervention with (age 65 ± 8 years; BMI 28.7 ± 5.0 kg/m^2^) and without pedometer (age 64 ± 7 years; BMI 29.3 ± 5.1 kg/m^2^). However, across the study sample, a change in objectively measured walking activity was significantly and inversely associated with IL-6, after adjustment for potential confounders, including changes in BMI. Notably, a variation of ambulatory activity by about 2500 steps⁄day, equivalent to approximately 25 min of moderate-intensity walking activity per day, was needed to induce a 0.5 pg⁄ml decrease in IL-6 ([@bb0345]).

### Observational studies {#s0060}

Reviewed observational studies provided a more univocal inverse relationship between habitual walking activity and markers of low-grade systemic inflammation. A cross-sectional study ([@bb0360]) including 400 participants (age 62 ± 9 years) screened for T2D (normal, pre-diabetic and diabetic) showed that those who reported walking activity for at least 30 min on at least 5 days/week had lower levels of CRP, IL-6, and TNF-α compared to those who reported lower walking activity levels. This was after adjustment for other types of moderate to vigorous intensity physical activity, age, ethnicity, sex, social deprivation and smoking status. Further adjustment for waist circumference attenuated the association of walking with TNF-α. In another cross-sectional study ([@bb0105]) on 185 healthy subjects aged between 45 and 59, multiple linear regression analyses adjusted for all confounders, revealed that time spent walking (min/week) is inversely related to TNF-α while a non-significant trend was observed for IL-6.

A more recent cross-sectional study ([@bb0150]) involving 327 individuals (aged 54--66 years) with T2D aimed to classify, by pedometer count, four different levels of physical activity (\< 5000 steps/day; 5000--7499 steps/day; 7500--9999 steps/day and \> 10,000 steps/day). This study showed a significant negative correlation between the number of steps/day and CRP and IL-6 levels. When adjusting for waist circumference, the association between IL-6 and steps⁄day remained statistically significant, whereas the association between high-sensitivity CRP and steps⁄day did not reach statistical significance. In a cross-sectional study by [@bb0255] involving 1838 individuals aged 40 to 69 years, habitual physical activity was assessed by a single axis accelerometer. Step count was inversely associated with TNF-α even after adjusting for BMI, whereas no significant differences were observed in IL-6. In another cross-sectional study ([@bb0240]) data from thirty patients (age 62 ± 11 years; BMI 26.6 ± 4.4 kg/m^2^) with T2D who walked regularly (from 30 min up to 1 h a day, 3 to 5 times per week) during the last year and fifty-three patients (age 63 ± 10 years; BMI 28.1 ± 3.6 kg/m^2^) with T2D who did not perform any type of exercise were compared. Active T2D patients showed significantly lower BMI and CRP levels than inactive T2D patients, even if CRP lost significance after adjustment for BMI.

Finally, one cohort study was found, which involved 1253 community-dwelling individuals (age 76 ± 7 years) ([@bb0165]). Stratification for CRP quartiles after adjustment for covariates, highlighted that an increase of 10 min per day of walking duration can elicit significant reduction of CRP levels.

Discussion {#s0065}
==========

The first aim of this review was to assess whether walking can be an appropriate physical activity intervention to reduce low-grade systemic inflammation. The investigated interventional studies provided controversial results. Only eight ([@bb0050], [@bb0055], [@bb0090], [@bb0125], [@bb0145], [@bb0320], [@bb0335], [@bb0355]) out of twenty-one reported a significant reduction of chronic low-grade inflammation, intended as the reduction of the concentration of at least one of the investigated markers, namely CRP, IL-6 and TNF-α. Although the number of studies showing a reduction in the low-grade systemic inflammation after a walking intervention is considerably lower than those reporting no changes, the efficacy of walking as a way to reduce low-grade inflammation cannot be excluded. The observational studies, in fact, unequivocally showed that individuals who usually walk more have lower IL-6, TNF-α and CRP concentrations and some, comparatively large sample, interventional and observational studies ([@bb0055], [@bb0255], [@bb0320]) supported the efficacy of walking in reducing the inflammatory status.

In an attempt to identify common patterns in the studies supporting the efficacy of walking, it has been observed that impaired glucose tolerance or T2D does not seem to be particularly relevant, whereas fat mass plays a key role. Evidence in the literature also suggests that the increased circulating IL-6 concentrations seen in patients with T2D are strongly related to fat mass but not to insulin responsiveness, suggesting that neither IL-6 nor TNFα are indicators of insulin resistance ([@bb0030]). Moreover, screening for body weight, the reviewed studies involving overweight or obese subjects that showed a reduction in TNF-α plasma concentration after the intervention, often reported a concomitant reduction of adiposity ([@bb0125], [@bb0320], [@bb0335]). This result is also in accordance with the study by [@bb0135], demonstrating that body weight reduction in obese subjects is associated with a decrease in TNF-α mRNA expression in fat tissue.

The duration of the intervention represents one of the major determinants of the efficacy of a walking intervention. In fact, even intense interventions lasting one or two weeks ([@bb0060], [@bb0180], [@bb0190]) did not cause modifications of any of the observed inflammatory markers, despite being potentially effective in modifying other markers of the metabolic system status, such as peripheral insulin sensitivity ([@bb0180]). The shortest among the reviewed intervention studies that induced a low-grade inflammation variation is an eight-week intervention ([@bb0355]). The critical role of intervention duration has also been described by [@bb0115], who performed a meta-analysis of fourteen randomized controlled trials involving different types of exercise (aerobic, resistance or a combination of both). This meta-analysis highlighted that exercise was more effective in reducing IL-6 in longer interventions, which included a larger number of sessions. Notably, a reduction of low-grade inflammation has been detected only in studies where walking activity was supervised or objectively monitored ([@bb0050], [@bb0055], [@bb0090], [@bb0125], [@bb0145], [@bb0320], [@bb0335], [@bb0355]), thus indicating that a bias could affect self-reported quantification of physical activity and hence the final outcome. The intensity of walking activity can be hypothesized as a further determinant. Most of the reviewed studies that reported a reduction of inflammation are characterized by a moderate-intensity walking activity ([@bb0050], [@bb0090], [@bb0125], [@bb0145], [@bb0335]), confirming the well-known beneficial effects of brisk walking in T2D ([@bb0005], [@bb0155]).

From the literature analysis the efficacy of walking in the reduction of the inflammatory status cannot be excluded, the review therefore aimed to further investigate the mechanisms by which this potential effect is exerted. In this context, the authors wanted to assess if the beneficial effects of walking with regards to the reduction of chronic low-grade inflammation originate from sources different from adipose tissue mass reduction and, in particular, whether the skeletal muscles play a role in this context. A key point to test this hypothesis is to determine if walking induces the same anti-inflammatory reactions induced by vigorous exercise, possibly in a less marked fashion. Despite the fact that IL-6 has been shown to increase up to 100 times as a function of intensity and duration of skeletal muscles contractions ([@bb0260]), only one out of the five reviewed studies regarding the acute effect of walking ([@bb0040], [@bb0200], [@bb0220], [@bb0235], [@bb0245]) reported a slight increase one hour after the walking session ([@bb0245]). Surprisingly, the only population showing an increase of IL-6 consisted of women accustomed to regular walking ([@bb0245]). As is well known, differences in initial training level determine the magnitude of exercise-induced IL-6 responses, most likely due to differences in muscle glycogen content between trained and untrained skeletal muscles ([@bb0120], [@bb0275]). During acute exercise, the untrained muscle is highly dependent on glycogen substrate and acute plasma IL-6 response is lower in trained than untrained subjects ([@bb0260]). For this reason, individuals who are not accustomed to regular walking should show a wider IL-6 response. Moreover, no increment was detected in the anti-inflammatory cytokine IL1-ra by [@bb0245]. Thus, at present, no acute effect caused by an IL-6-stimulated anti-inflammatory cascade can be demonstrated. However, no definitive conclusion should be drawn, considering the limited number of available studies.

A key role in the reduction of low-grade inflammation could be played by the peroxisome proliferator-activated receptor γ co-activator 1α (PGC1-α), which is expressed in the skeletal muscle. An increase in PGC1-α expression is one of the main adaptations due to chronic exercise. PGC1-α suppresses a broad inflammatory response, controls muscle plasticity, and mediates some of the beneficial effects of the exercise ([@bb0110]). However, recent evidence showed that PGC-1-α expression in the skeletal muscle depends on the exercise intensity, being evident only above the lactate threshold ([@bb0340]). These findings confirm that the intensity of walking could be one of the major factors toward inflammation reduction.

It is important to underline that our results are strongly limited by the heterogeneity in the study design. In addition, nutritional regimes play a key role in the investigated context, and might have been a possible confounding factor. Furthermore, the different methods to assess physical activity in free-living context make the comparison of results difficult: further studies using objective assessment methods of walking activity are encouraged. Moreover, the role played by biological inter- and intra-individual measurement variability ([@bb0230]) in markers of chronic low-grade inflammation should be investigated further. Last but not least, further inflammatory markers that could have a role in describing low-grade inflammation (e.g. IL-10, adiponectin, leptin) were not analysed in this work but could be the object of further investigations.

Conclusion {#s0070}
==========

No consensus regarding the efficacy of walking in the reduction of low-grade systemic inflammation appeared from this review, even though its role cannot be excluded. The duration and intensity of the intervention influence the skeletal muscle adaptations that determine the final outcome. It is plausible to conclude that the reduction of adiposity mediates the reduction of inflammation, whereas the anti-inflammatory effect elicited by IL-6 cannot be confirmed. The level of glucose tolerance does not seem to influence the final outcome. An objective assessment in wider population studies, analysing the role played by different duration and intensity could facilitate the definition of a dose--response relationship that could be useful in defining a model of the inflammatory process ([@bb0035]).
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###### 

Chronic effect studies: study design, method, details and outcomes.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Author/year      Study design                                                                                                                                                                                                                                                                                                                                                                                                                                           Type             Method                                                                  Data analysis                                                                                Outcome related to inflammation
  ---------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------- ----------------------------------------------------------------------- -------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  [@bb0015]        Randomized clinical trial. 20 out of 82 subjects (9 F and 11 M aged 63 ± 7 years; BMI 30.0 ± 1.0 kg/m^2^) with T2D or metabolic syndrome performed physical activity of low intensity (walking) for 12 months                                                                                                                                                                                                                                          Interventional   Diaries                                                                 Blood concentrations of CRP, TNF-α and IL-6                                                  ↘ CRP: 12% reduction from baseline observed at 12 months (not significant)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ BMI, waist circumference and fat mass observed at 3, 6, 9, 12 months from baseline

  [@bb0050]        24 middle-aged men (8 lean, 8 obese, and 8 obese with T2D) performed 60 min of walking or jogging 5 times per week (about 60% $\overset{˙}{V}0_{2}max$) for 12 weeks without a reduction in body weight                                                                                                                                                                                                                                                Interventional   Treadmill                                                               Blood concentrations of TNF-α, IL-6 and CRP                                                  ↓ IL-6 concentration in all groups (52%, 32% and 17% reduction in the T2D, lean and obese groups, respectively)\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ CRP levels\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ Total and visceral adiposity in all groups

  [@bb0055]        176 patients affected by metabolic syndrome (95 M and 81 F, mean age 59 ± 7 years; BMI 31.6 ± 4.8 kg/m^2^) completed a 24-week walking intervention (1 h/day, 5 days/week) at a walking velocity higher than the comfortable one                                                                                                                                                                                                                       Interventional   Pedometers                                                              Blood concentration of CRP before and after the intervention                                 ↓ BMI\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ Waist circumference\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ CRP

  [@bb0060]        9 active lean (age 52 ± 1 years; BMI 23.8 ± 0.7 kg/m^2^; waist circumference \< 84 cm) and 9 active central overweight men (age 49 ± 1 years; BMI 29.3 ± 1.2; waist circumference\                                                                                                                                                                                                                                                                     Interventional   Pedometers                                                              Blood concentration of TNF-α, IL-6 and CRP before and after the intervention                 ↔ TNF-α\
                   \> 94 cm) reduced their walking activity to less than 4000 steps/day for one week                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            ↔ IL-6\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ CRP

  [@bb0085]        11 middle-aged/older adults (5 M and 6 F, age 57--70 years; BMI 26.2 ± 1.0 kg/m^2^) completed a 2-month brisk walking intervention (6 days/week, 50 min/day) at 70% HRmax                                                                                                                                                                                                                                                                              Interventional   Diaries + HR monitors                                                   Blood concentrations of TNF-α, IL-6 and CRP before and after the intervention                ↔ TNF-α\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ IL-6\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ CRP\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ BMI\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ Total body fat

  [@bb0090]        Randomized, controlled trial, 33 women (age, 50--70 years) were assigned to diet alone (D), exercise alone (EX), or diet + exercise (D + E) for 14 weeks. The EX intervention consisted of a supervised walking programme 3 to 4 times per week for 60 min at 65% to 70% $\overset{˙}{V}0_{2}max$                                                                                                                                                      Interventional   Supervised exercise                                                     Blood concentrations of TNF-α, IL-6 and CRP                                                  ↓ CRP decreased in all groups after the interventions, but no differences between groups\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↘ Trend for IL-6 concentrations to decrease (*P* = 0.07) in all groups, with no differences between groups\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ TNF-α\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ BMI and total body fat in the EX group

  [@bb0100]        Randomized controlled trial. Control group (6 M, 18 F; age 51 ± 8 years; BMI 29.5 ± 5.9 kg/m^2^), intervention group (5 M, 19 F; age 48 ± 9 years; BMI 27.6 ± 4.9 kg/m^2^). 12 weeks pedometer-based walking program. Intervention is designed to increase mean daily step count by 3000 steps/day on at least 5 days of the week program                                                                                                              Interventional   Pedometers                                                              Blood concentrations at baseline and after 12 weeks of TNF-α, CRP, IL-6                      ↔ TNF-α, CRP, IL-6\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ BMI, body fat percentage

  [@bb0105]        Cross sectional analysis including 185 healthy participants (107 M, 78 F) aged 45--59 years                                                                                                                                                                                                                                                                                                                                                            Observational    Questionnaires and weekly minutes of walking                            Blood concentrations of TNF-α and IL-6                                                       ↓ Time spent walking inversely related to TNF-α\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↘ Trend observed for IL-6 to decrease

  [@bb0125]        Randomized controlled trial. 16 subjects (age range 40--66; BMI range 26--48) assigned to control group and 15 subjects (age range 44--62; BMI range 25--46) assigned to 12-week walking training at moderate intensity (30 min at 60% $\overset{˙}{V}0_{2}max$, 5 days/week)                                                                                                                                                                          Interventional   Treadmill                                                               Blood concentration of TNF-α and IL-6                                                        ↓ TNF-α in overweight and obese individuals compared to no exercise\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ IL-6

  [@bb0145]        Non randomized trial. 32 post-menopausal women (age 56 ± 4 years; BMI 26.9 ± 4.3 kg/m^2^) performed 13 weeks of walking training at moderate intensity (40--50 min, 4 days/week)                                                                                                                                                                                                                                                                       Interventional   Activity monitors + diaries                                             Plasma concentrations of TNF-α and CRP                                                       ↓ TNF-α\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ CRP\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ BMI, waist circumference and fat mass percentage

  [@bb0150]        Observational cross-sectional analysis including 327 individuals with T2D (224 M, 103 F; age 54--66 years). Individuals wore the pedometer for 3 days. Classification of physical activity in 4 groups                                                                                                                                                                                                                                                 Observational    Pedometers and diaries                                                  Blood concentrations of CRP and IL-6                                                         Steps/day significantly associated with lower levels of CRP and IL-6. When adjusted for waist circumference, the association between steps and IL-6 remains statistically significant but the association between steps and CRP does not

  [@bb0165]        Population-based cohort study. Community-dwelling individuals aged over 65 underwent a baseline assessment. 710 M and 543 F (mean age 76 ± 7 years)                                                                                                                                                                                                                                                                                                    Observational    Accelerometer (1 week) to determine average duration of daily walking   Blood concentration of CRP at baseline                                                       ↔ For CRP quartiles 1 and 2, no significant difference was present followed by a dose response association

  [@bb0175]        Randomized controlled trial. Twenty-five sedentary, obese (BMI \> 30 kg/m^2^) males (53 ± 7 years); 12 controls versus 13 T2D subjects were randomly allocated to four groups that exercised for 16 weeks. Exercise consisted in 30 min/day, three times per week either at low (30--40% $\overset{˙}{V}0_{2}max$) or moderate (55--65% $\overset{˙}{V}0_{2}max$) intensity                                                                            Interventional   HR monitors                                                             Blood concentrations of CRP, TNF-α and IL-6 at baseline and after 16 weeks of intervention   ↔ CRP, TNF-α, IL-6

  [@bb0180]        Clinical trial. Ten healthy human males (mean age 24 ± 2 years; BMI 22.1 ± 0.7 kg/m^2^). None of the participants walked less than 3500 steps/day. Decrease the number of daily steps to 1500 for 14 days                                                                                                                                                                                                                                              Interventional   Pedometer                                                               Blood concentrations of TNF-α and IL-6 at baseline and after 2 weeks                         ↔ TNF-α, IL-6\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ Total body mass reduced

  [@bb0190]        Randomized controlled trial. 10 sedentary men (age 57 ± 2 years, BMI 27.9 ± 3.6 kg/m^2^) undertook 30 min of daily walking at 60% $\overset{˙}{V}0_{2}max$ for 1 week versus control (normal sedentary behaviour)                                                                                                                                                                                                                                      Interventional   Supervised exercise                                                     Blood concentrations of TNF-α, IL-6 and CRP                                                  ↔ TNF-α, IL-6 and CRP

  [@bb0195]        Randomized controlled trial. Fifty-one subjects (20 M and 31 F; BMI 33.7 ± 4.8 kg/m^2^) aged 45 ± 8 years were selected. No history of diabetes. Participants were randomized to 3 groups (control, moderate exercise and intense exercise) for 16 weeks of intervention. Moderate exercise was based on complete 30 min of physical activity most days of the week. All subjects were inactive at baseline. 17 subjects performed moderate exercise   Interventional   Daily diaries and supervised exercise                                   Blood concentration of CRP                                                                   ↔ CRP\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                Improvements in body composition

  [@bb0210]        Eleven participants (6 M and 5 F; age 49 ± 9 years; BMI 32.4 ± 7.1 kg/m^2^) with impaired glucose tolerance, completed a 12-week brisk walking intervention (30 min/day, five days/week at 65% of HR~max~)                                                                                                                                                                                                                                             Interventional   HR monitors + diaries                                                   Blood concentration of CRP                                                                   ↔ CRP\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ Dietary intake\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ BMI and total body fat

  [@bb0240]        Cross-sectional study. 30 patients with T2D who walked regularly during the last year (17 M and 13 F; age 62 ± 11 years; BMI 26.6 ± 4.4 kg/m^2^) and 53 patients with T2D who did not perform any type of exercise (25 M and 28 F; age 63 ± 10 years; BMI 28.1 ± 3.6 kg/m^2^)                                                                                                                                                                          Observational    Questionnaires                                                          Blood concentration of CRP                                                                   ↓ CRP levels decreased in active T2D patients with respect to inactive T2D patients, but significance lost after adjustment for BMI

  [@bb0255]        Cross-sectional study. 737 middle-aged male subjects (age 57 ± 8 years; BMI 23.9 ± 2.9 kg/m^2^) and 1838 middle-aged female subjects (age 56 ± 8 years; BMI 22.6 ± 3.1 kg/m^2^) were monitored for 10 days to determine their physical activity level                                                                                                                                                                                                  Observational    Accelerometers                                                          Blood concentrations of TNF-α and IL-6                                                       ↓ Number of steps was inversely associated with TNF-α even after adjusting for BMI ↔ IL-6

  [@bb0295]        Randomized controlled trial. 12 out of 34 subjects (6 M and 6 F; age 55 ± 4 years, BMI 27.9 ± 3.9 kg/m^2^) assigned to a walk group for 6 week                                                                                                                                                                                                                                                                                                         Interventional   Pedometers                                                              Blood concentration of TNF-α.                                                                ↑ Daily steps for 6 week from 6000 to 11,000 steps/day\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ TNF-α\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ Body mass and waist circumference

  [@bb0305]        16 late pre-menopausal women (49 ± 3 years; BMI 31.9 ± 3.0 kg/m^2^) and 14 early postmenopausal (53 ± 2 years; BMI 30.8 ± 1.9 kg/m^2^) overweight and obese involved in 16-week walking programme (three sessions of 45 min/week at 60% of heart rate reserve). Brisk walking                                                                                                                                                                          Interventional   Supervised exercise                                                     Blood concentrations of TNF-α and IL-6                                                       ↑ TNF-α in both groups\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ IL-6\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ BMI, waist circumference and fat mass significantly reduced after adjustment for age

  [@bb0320]        Randomized controlled trial involving 41 sedentary adults (8 M, 33 F). 2 groups: 1) 16 weeks of internet delivered physical activity intervention (age 40 ± 2 years; BMI 31.4 ± 1.1 kg/m^2^); 2) usual care (age 47 ± 1 years; BMI 31.0 ± 0.7 kg/m^2^)                                                                                                                                                                                                 Interventional   Pedometer and questionnaires                                            Blood concentration of TNF-α and CRP                                                         ↑ Increased mean number of steps/day by 1404 in intervention group\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ CRP\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ TNF-α in the intervention group after adjustment for baseline group differences\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↓ Waist circumference in the intervention group after controlling for age and baseline\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                differences

  [@bb0335]        Randomized controlled trial involving 20 elderly women. 10 were assigned to control group (age 68 ± 4 years; BMI 31.3 ± 4.4 kg/m^2^) and 10 to intervention group (age 69 ± 3; BMI 28.0 ± 3.7 kg/m^2^). 12-week walking intervention consisting in three walking session per week for three months                                                                                                                                                     Interventional   Treadmill                                                               Blood concentration of IL-6, TNF-α and CRP                                                   ↓ BMI, TNF-α and CRP\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ IL-6

  [@bb0355]        17 healthy sedentary individuals (9 M and 8 F of mean age 46 ± 11 years, mean BMI 26.8 ± 5.1 kg/m^2^) undertook an 8-week low-intensity exercise programme (walking 10,000 steps/day, three times/week).                                                                                                                                                                                                                                               Interventional   Supervised exercise                                                     Plasma concentration of IL-6 and IL-10                                                       ↓ IL-6 decreased 33% within 4 weeks\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↑ IL-10\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ BMI

  [@bb0360]        Cross-sectional study including 400 participants normal, with pre-diabetes, with diabetes (mean age 62 ± 9 years)                                                                                                                                                                                                                                                                                                                                      Observational    Questionnaires                                                          Blood concentrations of IL-6, TNF-α and CRP                                                  ↓ IL-6, CRP and TNF-α level in group reporting walking for at least 30 min on at least 5 days/week compared group reporting lower walking activity, after adjustment for potential confounders. Further adjustment for waist circumference attenuated the association of walking with TNFα, although the association with IL-6 and CRP remained significant.

  [@bb0365]        Randomized controlled trial including 74 participants (age 65 ± 8 years) with impaired glucose tolerance and BMI over 25.\                                                                                                                                                                                                                                                                                                                             Interventional   Pedometer and questionnaire                                             Blood concentrations of IL-6 and CRP at baseline and after 12 months                         ↔ IL-6 and CRP\
                   3 groups: 1) pedometer; 2) without pedometer; 3) usual care. 12 months                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       Ambulatory activity was significantly and inversely associated with IL-6 after adjustment for potential confounders (age, ethnicity, sex, group, medication status,\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                baseline and change in BMI)

  Zoppini et al.   16 sedentary (8 M and 8 F), overweight (BMI 29.0 ± 3.0 kg/m^2^), non-smoking, older patients (age 66 ± 6 years) with T2D volunteered to participate in a 6-month, supervised, progressive, aerobic training study, two times per week                                                                                                                                                                                                                  Interventional   Supervised exercise                                                     Plasma levels of CRP and TNF-α at baseline and after 6 months                                ↔ CRP and TNF-α\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                ↔ BMI, waist circumference and body weight
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Abbreviations: M: male; F: female; T2D: Type 2 Diabetes; CRP: C-Reactive Protein; TNF-α: Tumour Necrosis Factor α; IL-6: Interleukin 6; $\overset{˙}{V}0_{2}max$: Maximal Oxygen Uptake; BMI: Body Mass Index.

Symbols: ↑ Significant increase; ↗ Trend to increase (not significant); ↔ No variation; ↘ Trend to decrease (not significant); ↓ Significant decrease.
